The widely held view that neurogenic placodes are vertebrate novelties has been challenged by morphological and molecular data from tunicates suggesting that placodes predate the vertebrate divergence. Here, we examine requirements for the development of the tunicate atrial siphon primordium, thought to share homology with the vertebrate otic placode. In vertebrates, FGF signaling is required for otic placode induction and for later events following placode invagination, including elaboration and patterning of the inner ear. We show that results from perturbation of the FGF pathway in the ascidian Ciona support a similar role for this pathway: inhibition with MEK or Fgfr inhibitor at tailbud stages in Ciona results in a larva which fails to form atrial placodes; inhibition during metamorphosis disrupts development of the atrial siphon and gill slits, structures which form where invaginated atrial siphon ectoderm apposes pharyngeal endoderm. We show that laser ablation of atrial primordium ectoderm also results in a failure to form gill slits in the underlying endoderm. Our data suggest interactions required for formation of the atrial siphon and highlight the role of atrial ectoderm during gill slit morphogenesis.
Introduction
Vertebrate neurogenic placodes give rise to specialized features of the sensory system including the organs of the inner ear, the lateral line system and cranial sensory ganglia. Neurogenic placodes, along with neural crest, have been regarded as important innovations unique to the vertebrate clade and, in fact, as defining characters which allowed for a wide range of adaptive behaviors including an increasingly predatory lifestyle (Northcutt and Gans, 1983) . Phylogenies which had placed the cephalochordates as the sister group to vertebrates, which together with the tunicates comprise the chordate phylum, were consistent with this claim as placodes have not been observed in the filter feeding amphioxus. An increasing body of morphological and molecular evidence shows, however, that neurogenic placodes are present in the tunicata Manni et al., 2001 Manni et al., , 2004 , implying that these structures predate vertebrates. Proposed phylogenies in which cephalochordata and vertebrata are sister taxa -e.g., those based on morphology and 18S rDNA, 28S rDNA and mitochondrial gene sequence (Berril, 1955; Cameron et al., 2000; Glenner et al., 2004; Turbeville et al., 1994; Winchell et al., 2002) -are consistent with the appearance of placodes in the chordate ancestor, followed by an independent loss in the cephalochordate lineage. Recent phylogenetic models based on concatenated protein sequences conflict with this view and suggest that tunicates, not cephalochordates, are the true sister group to vertebrates (Bourlat et al., 2006; Delsuc et al., 2006; Philippe et al., 2005; Vienne and Pontarotti, 2006) . Under this scenario, neurogenic placodes were present before the vertebratetunicate divergence, while their apparent absence in cephalochordates may represent the ancestral state.
Tunicate structures which have been homologized to vertebrate placodes show the same basic morphology, thickenings within the embryonic ectoderm, and include the paired atrial siphon primordia, the oral or stomodeal siphon primordium, the neurohypophyseal organ and the adhesive organ precursor or rostral placode (Manni et al., 2004) . In vertebrates, different inductive cues for different placodes lead to the upregulation of a similar suite of genes (Baker and BronnerFraser, 2001; McCabe et al., 2004) . Vertebrate placodes are defined by combinatorial gene expression patterns including genes from the six, pax, eya, pitx, fox and dll families. Similar gene expression patterns have been observed in putative placode homologs of ascidians and in the larvacean Oikopleura .
A one-to-one correspondence between tunicate and vertebrate placodes may not always be easy to ascertainvertebrates have more placodes than tunicates, so homology relationships are not likely to be direct in all cases. Vertebrate placode number may be the result of morphological duplications of any one of the ancestral placodes, in which case a single ascidian placode may share homology to more than one vertebrate placode, as has been proposed for the neurohypophysial duct which may be homologous to vertebrate olfactory, adenohypophysial and hypothalamic placodes (Manni et al., 2001) . Alternatively, ascidians may have fewer placodes than the common ancestor, a loss perhaps explained by a comparatively simplified larval body plan and a sessile adult phase. Finally, certain authors posit the existence of a pan-placodal field from which all neurogenic placodes develop-some vertebrate placodes may have evolved through specification of novel territories within this field (Baker and Bronner-Fraser, 2001; Schlosser, 2002) .
Combined morphological, positional and expression data can provide at least a first approximation of homology between vertebrate placodes and tunicate structures Manni et al., 2001; Schlosser, 2005) . Several authors have proposed homology between the atrial siphon primordia of ascidians, which form the adult atrial siphon, or exhalant siphon, out of which water, waste and gametes are directed, and the otic placodes of vertebrates, which contribute to structures of the ear Jefferies, 1986; Katz, 1983; Manni et al., 2004; Schlosser, 2005; Wada et al., 1998) . In Ciona savignyi and Ciona intestinalis, the atrial siphon primordia are evident in larvae as paired ring-shaped structures of approximately six cells in the lateral ectoderm of the trunk, just anterior to the notochord and posterior to the sensory vesicle (Katz, 1983) . During metamorphosis each primordium undergoes invagination to form an atrial siphon rudiment. Although details of the morphological movements of the primordia leading to siphon formation are not well described for Ciona, the end result for each primordium is an atrial opening, leading to an atrial cavity which connects to the pharynx through ciliated gill slits. Later, right and left atrial siphons fuse in Ciona post-metamorphic juveniles, leading to the single opening with a shared atrium that is observed in the sessile adult.
Some authors postulate a direct relationship between otic and atrial structures, while others favor a compound homology of atrial primordia to both otic placode and lateral line Jefferies, 1986; Katz, 1983; Manni et al., 2004; Schlosser, 2005; Wada et al., 1998) . Both otic and atrial siphon precursors appear during development as paired rings of columnar cells, at about the level of the hindbrain in vertebrates and its equivalent in ascidians. A similar morphogenesis also characterizes these structures. The otic placode invaginates and pinches off forming the otic vesicle. The process which initiates the formation of the atrial siphon also begins with invagination of the atrial primordium, and, as described in the colonial species Botryllus, the invagination pinches off as a vesicle separate from the overlying ectoderm (Manni et al., 2002) . The ascidian atrial primordium is also neurogenic, a feature of most vertebrate cranial placodes: Bone and Ryan (1978) described the cupular organ of the atrial siphon of Ciona, a structure similar to the vertebrate mechanosensory hair cell, except that the ascidian cupular organ is not secondarily innervated as are vertebrate hair cells; Mackie and Singla (2003) describe the hydrodynamic capsular organ of Chelyosoma as consistent with an atrial-otic homology, but like the cupular organ, the capsular organ is not secondarily innervated. In the larvacean tunicate Oikopleura, however, the proposed otic placode homolog, the Langerhans organ, receives mechanosensory stimulation through ciliated cells that are secondarily innervated .
In vertebrates, functional studies have shown that the fibroblast growth factor (FGF) pathway plays a role in the specification and formation of the otic placode and, as well, that this pathway is important after placode formation during and following the invagination phase, including the morphogenetic movements which give rise to the inner ear. Before otic placode formation, members of the Fgf family are expressed in the periotic mesenchyme beneath the future site of the otic placodes. Studies in fish, mouse and chick have shown that, in particular, members of the Fgf3/7/10 and Fgf8/17/18 families play a prominent role during placode specification and induction (Ladher et al., 2005; Leger and Brand, 2002; Liu et al., 2003; Maroon et al., 2002; Phillips et al., 2001; Solomon et al., 2004; Wright and Mansour, 2003) . Later in vertebrate embryogenesis, the placode invaginates and forms the otic cyst, and FGF from the hindbrain helps to direct patterning and morphogenesis of ear formation (Liu et al., 2003; Phillips et al., 2001; Wright and Mansour, 2003) .
In this report, we test the hypothesis that the otic placode and atrial primordium share homology by perturbing FGF signaling. We find that inhibitors of MAP kinase kinase (MEK) or the Fgf receptor (Fgfr) block formation of the atrial siphon primordium when applied at early tailbud stages and that similar treatments inhibit siphon and gill slit formation when applied at the onset of metamorphosis. We also use a dye laser to ablate single cells comprising the atrial primordium, resulting in disruption of atrial siphon and gill slit formation. The data presented here allow us to conclude that major aspects of patterning in the mature atrial siphon complex, including gill slit formation, require an intact atrial primordium and that the development of these structures depends on signaling via FGF.
Materials and methods

Study organisms
C. savignyi were collected from the Santa Barbara yacht harbor or provided by the Ascidian Stock Center (http://www.ascidiancenter.ucsb.edu/). Gametes were collected from gravid adults and combined in seawater to produce embryos (Hendrickson et al., 2004) . Embryos were staged according to a published developmental staging series for C. intestinalis (Hotta et al., 2007) .
In situ hybridization
In situ hybridization experiments were carried out as previously described (Corbo et al., 1997) , except that the labeled RNA probe was not hydrolyzed prior to hybridization.
Pharmacological inhibitors
U0126 and its inactive analog, U0124, were diluted in DMSO to 10 μg/μL and added directly to embryos at concentrations of 1-50 μM. DMSO-only served as an additional negative control. SU5402 treatments were as for U0126, except that embryos also were treated at late neurula stage. Dechorionated animals showed that same response to treatment as animals with intact chorions, but those with intact chorions had better survival post-metamorphosis, as was the case with untreated control animals.
FGF treatment
Basic human recombinant FGF (Calbiochem) was reconstituted in a solution of PBS + 1 mM DTT + 1% BSA to 25 μg/mL. Embryos were dechorionated and then placed in FGF at concentrations ranging from 625 ng/μL to 5 μg/μL. A control treatment containing PBS solution without FGF was performed alongside each treatment. Animals were allowed to develop until shortly after hatching stage. Larvae were stained for acetylcholinesterase activity (see below) and scored for atrial placode morphology.
Histochemical staining
For acetylcholinesterase (AchE) staining, animals were fixed in 5% formaldehyde in seawater for 5 min then placed in AchE buffer (10 mM Na citrate pH 5.0, 3 mM CuSO 4 , 0.5 mM KFe cyanide, 65 mM NaOAc) for 10 min. Animals were placed in AchE buffer with acetylthiocholine iodide (15 μg/mL) for staining then placed in PBS and imaged. Staining for alkaline phosphatase activity was performed as described previously (Whittaker and Meedel, 1989 ) with 5-bromo-4-chloro-3-indolyl phosphate (BCIP) as the substrate.
An antibody against diphosphorylated extracellular signal-related kinase (anti-dpERK1/2, Sigma M8159) has been used previously for Ciona embryos (Hudson et al., 2003; Yasuo and Hudson, 2007) . We used Tyramide Amplification Kit #2 (Invitrogen, T20912) following manufacturer's instructions. The mouse anti-dpERK was used at 1:1000 dilution; the kit-supplied HRP-anti-mouse IgG secondary was used at 1:100. Staining was carried out on DMSO-treated and U0126-treated animals; additionally, a negative control omitting the anti-dpERK1/2 primary was run to ensure that the secondary alone did not yield signal. The tyramide substrate reaction was allowed to proceed for 15 min.
Tubulin staining
For staining with the anti-acetylated tubulin antibody (Sigma T6793), juveniles were allowed to sit in 10% saturated menthol in seawater for 10 min. These animals were placed in 100% MeOH for 5 min at room temperature, transferred to 100% EtOH at room temperature for 5 min then washed three times in PBST (PBS + 0.1% Triton-X100). Juveniles were transferred to a 1.5 mL eppendorf tube containing anti-acetylated tubulin antibody in PBS for 1 h at room temperature or overnight at 4°C. For imaging, anesthetized animals were placed on a depression slide containing seawater mixed with 3% methyl cellulose and observed with a fluorescein filter set.
Laser ablations
Larvae were collected in the first few hours after hatching and anesthetized with 0.05% MS-222 in seawater. Anesthetized larvae were transferred to a glass slide and placed under a cover slip, with a self-adhesive reinforcement acting as a spacer between cover slip and slide. These larvae were observed under DIC optics using a Nikon Microphot-SA microscope. Right or left side atrial siphon primordia were ablated using a dye laser (Coumarin 440 nm; Photonic Instruments, Inc.) attached to the epifluorescence port. Briefly, atrial placode cell nuclei were individually illuminated with the laser until the cell was seen to be pycnotic or rupture.
Results
MEK and Fgfr inhibitors block atrial primordia and siphon development
Vertebrate otic placodes require the activity of FGF family members during induction and invagination/elaboration phases. Pharmacological inhibitors of MEK (U0126) and Fgf receptor (SU5402) were used to test for a similar requirement of FGF signaling in Ciona atrial siphon development. The inhibitors have a significant advantage compared to such treatments as translational inhibition by morpholino oligonucleotides: pharmacological agents may be applied during a discrete developmental window and, therefore, their effects are likely to be proximal to the formation of the atrial primordia. Morpholinoknockdown of fgfs by injection at blastomere stages, by contrast, results in early, more global defects rendering the later anatomy uninterpretable and a causal link to the absence of primordia tenuous. Two treatment regimes were followed for the pharmacological inhibitors ( Fig. 1 ). Early treatment assessed the effect of the inhibitors on the development of the atrial siphon primordia, evident in hatching stage tadpoles [approximately 18 h post fertilization (hpf) at 18°C] ( Fig. 2A) . In these treatments, embryos were soaked in the inhibitors from the tailbud to hatched tadpole stages. The late treatment ( Fig. 1 ) assessed the effects of the inhibitors on the development of the atrial siphon proper and pharyngeal gill slits during metamorphosis. For these treatments animals were placed in the inhibitor solutions from the beginning of metamorphosis, which corresponds to the time of attachment of the larvae, and cultured until untreated siblings had formed gill slits (approximately 48 hpf).
Early treatment of embryos with U0126 at 20 μM and 10 μM resulted in tadpoles that failed to form atrial siphon primordia (100%, n = 86 at 20 μM; n = 43 at 10 μM), as determined by both light microscopy and acetylcholine esterase staining (Figs. 2B, D). However, the oral siphon primordium, which also stains for acetylcholine esterase, was not disrupted by UO126 treatment ( Fig. 2D , arrow; see also Fig. 3D ). Untreated embryos always formed both siphons (n = 175). As a negative control, an inactive analog of U0126, U0124, was used; no defect in atrial siphon development or any other tissue was observed at concentrations up to 100 μM (n = 82). Likewise, DMSO alone had little or no effect on development (n = 60). At 5 μM U0126, 19.5% of larvae were seen to have either one or both siphon primordia (n = 41), and at 1 μM, no effect was observed (n = 27). The homeobox gene distalless A (dll-A) marks atrial primordia and the atrial ectoderm preceding visible placode formation; in DMSO-treated embryos, dll-A is present in late tailbud stage embryos whereas its expression is absent in U0126-treated embryos (Figs. 2E, F). An antibody against activated extracellular signal related kinase (dpERK), a component of the Fgf signaling pathway, showed staining in the ectoderm prefiguring the atrial primordia in control animals, but no staining in inhibitor-treated animals (for control animals n = 24, with 19/24 animals showing signal; for drug-treated animals n = 37, with signal absent in all) (Figs. 2G, H) . This signal was detectable in post-hatching stages in the atrial primordia proper (Fig. 2I) and was also detectable, although attenuated, after the atrial primordia had begun invagination (Fig. 2J) ; as with the earlier drug-treated individuals, signal was not at detectable levels in later stage drug-treated animals (not shown).
Early treatment with the Fgfr inhibitor, SU5402, gave similar results as for U0126. At 40 μM, SU5402 resulted in tadpoles with no atrial primordia (100%, n = 40). In addition many tadpoles also lacked the characteristic thickening at the anterior end of the animal where the palps form. A lower concentration, 20 μM, was effective in eliminating the primordia, with no effect on the palps, if animals were treated at late neurula stages (100%, n = 25). We conclude that the SU5402 treatment shows a similar effect to the MEK inhibitor. Aside from the atrial primordia phenotype, and the palp phenotype at high SU5402 concentration, animals treated with U0126 or SU5402 appeared normal in other respects. The sensory vesicle, the oral siphon primordium (similar in structure to an atrial primordium, but positioned at the dorsal midline anterior to the sensory vesicle), the notochord and the tail all appeared normal.
Animals treated early with U0126 were transferred to U0126-free, DMSO-free seawater to recover and allowed to undergo metamorphosis. The resulting juveniles had largely normal morphology (Fig. 3C) . However, closer inspection of the juveniles revealed the absence atrial siphons and gill slits; a tubulin antibody, which recognizes cilia, confirmed a lack of gill slits (Fig. 3D) . Consistent with our observation that early U0126 treatment did not disrupt the oral siphon primordium (Fig. 2D) , the oral siphon of these juveniles appeared to form properly (Fig. 3C) . Perhaps due to the absence of the outflow (i.e., atrial) siphon, the pharyngeal cavity showed an enlarged, "gaping" phenotype.
To determine a more precise temporal window during which exposure to the MEK inhibitor was effective, we performed a time course. U0126 treatment at 10 μM for each of the first 4 h beginning at early tailbud [early tailbud I, stage 19 (Hotta et al., 2007) ] resulted in hatched larvae with no atrial primordia (Fig. 4A ). We were unable to find an earliest time when drug treatment had no effect on atrial primordia because earlier treatments resulted in abnormal embryos that included many other defects including lack of palps (and an inability to settle, as was seen with highest concentrations of SU5402), lack of trunk elongation and improper migration of the pigmented precursors of the otolith and ocellus and inability to hatch. Treatment after the first 4 h of tailbud development had no apparent effect on the atrial primordia even at longer duration of U0126 exposure, including treatment from approximately 5 h after early tailbud until hatching. We conclude that MEK dependence in atrial primordia development persists until a few hours after the beginning of the early tailbud stage.
Inhibitor treatment at metamorphic/juvenile stages disrupts siphon and gill slit development
Vertebrates require FGF signaling after the formation of the otic placode, at the invagination stage, and for the formation of the inner ear. A strict one-to-one homology between the ascidian atrial placode and the vertebrate inner ear or other structures is not easily made. Nevertheless, we reasoned that some of the same signaling requirements may still be in place if the otic placode and atrial siphon primordia share a basic level of homology. Ciona has a biphasic lifestyle which includes a swimming larval phase followed by a sessile, adult filterfeeding phase. The larva finds a suitable substrate and attaches anterior end first, via its adhesive palps, then resorbs its tail, undergoes rearrangement of viscera and forms many of the adult structures associated with its filter-feeding mode. Among these Fig. 1 . Three separate treatments were used to assess gill slit and atrial primordium formation. (1) Early treatment-inhibitor (U0126 or SU5402) was added at early tailbud stage and remained until a few hours after hatching at which time larvae are scored for the presence or absence of atrial siphon primordia (asp). Cartoon indicates only the single right side primordium, which normally forms posterior to the pigmented ocellus and otolith (depicted as crescent and circle). (2) Late treatment began just after larvae attached and began metamorphosis. Animals were scored at approximately 48 hpf, at which time small paired atrial siphons (as) and 1°gill slits had formed. The juvenile depicted is tilted so that both left and right side siphons and gill slits are seen. Also indicated is the flow of water, through the oral or inhalant siphon (os), into the pharynx (ph), out through the atrial or exhalant siphons. (3) Laser ablation of cells comprising a single primordium was carried out after hatching; the contralateral, unablated side served as a control. Larva which has undergone early treatment with 10 μM U0126. Atrial siphon primordia are absent. Acetylcholinesterase-stained untreated (C) and treated (D) larvae, about 5 h after hatching, dorsal view. Untreated control shows left and right side primordia (arrows), whereas in the treated larva the atrial primordia are absent, although the oral siphon primordium is present (arrow). Dll-A in situ hybridization of pre-hatching stage Ciona savignyi tailbud embryos (dorsal view, anterior to left) shows that message is detected in control embryo (E) in patches of ectoderm which precede formation of visible atrial primordia, whereas in drugtreated tailbud embryos this expression is absent (F). Likewise, an antibody which recognized diphosphorylated ERK, the activated form of MEK, shows staining in bilaterally paired patches of ectoderm before the primordia are detectable (G), but in U0126-treated animals is not detected (H). (I) Post-hatching stage larvae show that ERK continues to stain atrial primordia (short arrows) as well as the oral siphon primordium (long arrow). (J) After invagination, faint signal is still detectable in the atrial ectoderm (short arrows, dotted lines) and is also observed around the oral siphon primordia (down arrow) and within the sensory vesicle (up arrow). Signal is detectable at the extreme rostral extent of the animal and in the forming palps but is not highlighted here.
structures are an oral siphon leading into a pharynx which is perforated by numerous gill slits through which, in turn, an out current flows through the atrium and out the atrial siphon (Fig. 1) .
Animals treated at metamorphosis (Fig. 1 , late treatment) with U0126 at 10 μM were found to lack both atrial siphons and gill slits, when observed at 48 hpf (Figs. 3E, F) . The same effects were observed at 20 μM. The absence of the atrial siphon in treated animals was always associated with the absence of gill slits (i.e., treated animals were never observed to have gill slits but no siphon openings, or siphon openings but no gill slits). In contrast to the animals treated at tailbud stages which showed a "gaping" pharynx and oral siphon, the late-treated animals were characterized by an oral siphon aperture and a pharyngeal cavity that were more constricted. Like the animals treated at earlier stages, however, overall development of the animals was not grossly abnormal, and the formation of tissues such as the endostyle, esophagus and stomach was not disrupted. Treatment with SU5402 at 40 μM yielded results that were similar to those seen with addition of U0126 at the same stage.
A time course with UO126 for 12 h or 24 h periods during the first 48 h after attachment showed that, at 40 μM U0126, treatment during the first 12-h period after attachment did not result in a loss of gill slits, but treatments over the any of next three 12-h periods did ( Fig. 4B ; animals were scored at 72 h post-metamorphosis). At lower concentrations, 10 μM or 20 μM U0126, no single 12-h period resulted in the loss of gill slits, but treatment for the first or second 24-h periods did (data not shown). These treatments indicate that MEKdependent events in gill slit morphogenesis occur during both the first and second days after settling. Moreover, results from the highest concentration treatment suggest that these events occur after the first 12-h period following attachment and tail resorption. These data are consistent with the temporal appearance of nascent gill slits as described for C. intestinalis (Chiba et al., 2004) .
Expression of Fgf orthologs in the trunk lateral mesenchyme and early atrial siphon
Having demonstrated that MEK and Fgfr inhibitors block atrial primordium formation early and atrial siphon and gill slit formation at metamorphosis, we next determined where candidate Fgf genes might be expressed during Ciona development. Fgf genes have undergone extensive duplication in the vertebrate lineage. Ascidian Fgf family genes are named based on their similarities to vertebrate Fgfs. For example, Fgf8/17/18 is thought to be the single ascidian Fgf with orthology to vertebrate Fgf8, Fgf17 and Fgf18, respectively.
Fgf8/17/18 expression has been previously described for early and larval stages for C. intestinalis (Imai et al., 2004; Imai et al., 2002) . Fgf8/17/18 transcript is localized to the bilaterally paired A7.6 cells, which fate to trunk lateral mesenchyme cells, by the 64-cell stage. Expression persists through early tailbud stages, at which time staining is seen in a broad area in the mesenchyme underlying the future site of the atrial siphon primordia. Fgf8/17/18 is also found in some epidermal lineages (but not in the atrial primordia), the tip of the tail of the tailbud embryo and in cells of the nervous system thought by some authors to lie in a region homologous to the vertebrate midbrain-hindbrain boundary (Jiang and Smith, 2002; Wada et al., 1998; Wada and Satoh, 2001 ), but whose functional and anatomical equivalence has yet to be demonstrated rigorously (Canestro et al., 2005) .
We examined the expression of Fgf8/17/18 in animals during early metamorphosis. Fgf8/17/18 transcript was loca- lized to the outer ring forming the entrance to the atrial siphon and faintly within the atrium itself (Fig. 3G) . We also saw localization of the Fgf8/17/18 message to the cells at the entrance of the oral siphon and in the neural gland.
Because members of the Fgf3/7/10 family have also been implicated in vertebrate otic placode formation, we cloned a C. savignyi Fgf3/7/10 and performed in situ hybridization at tailbud stages preceding atrial primordium formation and during metamorphosis. Fgf3/7/10 staining has also been described previously (Imai et al., 2004) . Fgf3/7/10 transcript appears to be restricted to the developing tail at tailbud stages. Staining is never observed in the trunk epidermis, but low levels of expression (relative to Fgf8/17/18) are observed the mesenchyme underlying the future site of atrial primordium formation, as has been observed for Fgf8/17/18 (results not shown). We did not observe staining for Fgf3/7/10 in post-metamorphic juveniles. We conclude that the mesenchymal expression in the trunk for Fgf3/7/10 is consistent with a role in initial specification of the atrial placodes but that our inability to detect it in juveniles suggests that it is unlikely to have a later role in the formation of the atrium or gill slits.
We reasoned that treatment with exogenous FGF protein might have an effect on atrial primordia development, resulting in larger or ectopic atrial primordia. Animals treated with the highest concentration of FGF (5 μg/μL) were uninterpretable; they failed to undergo trunk elongation, had shortened tails, were missing palps and pigment cells and lacked any AchE staining in the trunk, where it normally marks not only siphon primordia, but also trunk epidermal neurons, palps and heart primordia, indicating massive cell fate transformations. Lower concentrations had no observable effect in atrial primordium morphology, neither in cell number nor in size. Additionally, we never observed ectopic patches of AchE staining that may have indicated ectopic primordia. We believe that this result indicates that the presumptive atrial ectoderm likely responds to a localized signal of FGF and that relative levels of FGF may also be important. Likewise, this may indicate that the competence of the Ciona embryonic ectoderm to respond to inducing signal is also spatially restricted. Implantation of an FGF-coated bead, a difficult manipulation in Ciona but perhaps feasible in an ascidian with a larger embryo, could help to resolve this.
Laser ablation of atrial siphon primordia results in lack of atrial siphon complex
Laser ablation was used to eliminate the atrial primordium ectoderm to determine the capacity of the animal to regulate for loss of atrial primordia. The ablation procedure allowed us to examine the correlation between the perforation of pharyngeal endoderm during gill slit formation and the invagination of siphon primordium ectoderm suggested by the close apposition of pharyngeal endoderm and siphon primordium ectoderm and by the absence of gill slits in drug-treated animals in which atrial primordium formation failed to occur (Fig. 1) . We ablated the atrial siphon primordium soon after its first appearance, just after hatching, at about 20 hpf. We ablated individual cells of either the left or right primordium, allowing the untreated side to serve as a control. These animals were allowed to reach attachment/settling stage and to undergo metamorphosis. The treated, ablated side of an animal failed to form atrial siphons and gill slits (Figs. 5A, B) . Absence of atrial siphon openings was confirmed by staining for acetylcholinesterase which shows a characteristic ring pattern around the entry to the atrium in untreated animals; ablated animals lacked this staining pattern (data not shown). Absence of gill slits was observed under transmitted light and by fluorescence using a tubulin antibody which recognizes gill slit cilia (Figs. 5D, F) . In a small number of cases, a small patch positive for the anti-tubulin antibody on the ablated side could be found, though well-formed gill slits were not evident. If unilaterally ablated animals which showed loss of siphon and gill slits were allowed to develop further, no gill slits were ever seen on the ablated side (up to 7 days).
Patterning of blood cavity between primary gill slits is independent of the atrial siphon complex
In early Ciona juveniles the first two primary gill slits (called "I" and "IV") lie inside the atrium at the interface with the underlying pharyngeal cavity (Fig. 1) . The primary gill slits are crescent shaped and positioned one next to the other. The small space between the two primary gill slits is occupied by a narrow coelomic-like cavity through which blood cells circulate (Fig. 6A) . Tunicates are thought to lack a true, mesodermally lined, coelom (Zeng and Swalla, 2005) ; we use the term here simply to refer to the cavity formed between outer epidermal and inner endodermal epithelia. The appearance of this cavity in the wildtype untreated animal coincides with the appearance of the primary gill slits themselves so it may be a feature that shares patterning information with the gill slits or it may, in fact, be patterned by the gill slits themselves. We speculate that this structure may be a transverse bar (also known as a "gill bar"), a structure found between adjacent gill slit pairs early and later between rows of gill slits. Its appearance between gill slits I and IV may represent a slightly earlier appearance than has been previously reported (Chiba et al., 2004) .
In animals treated with MEK or Fgfr inhibitor at early tailbud stages which are then removed from inhibitor after hatching and allowed to settle and undergo metamorphosis, the atrial siphon and gill slits do not form. However, in these treated animals, a cluster of cells was observed forming a line, perpendicular to the long axis of the pharyngeal cavity on both left and right sides of the animal (Fig. 6B ). These cells have a similar appearance to the cells making the inter-gill coelomic cavity of untreated animals, moreover, seem to be in the proper orientation and proper position. We conclude that this structure is likely the inter-gill coelom and that its formation is not dependent on the FGF signaling pathway nor does it depend on inductive interactions from structures of the developing atrial complex, such as the primary gill slits. Supporting this notion, animals which underwent unilateral ablation also continued to show a similarly arranged structure on the ablated side (data not shown). 
Discussion
The FGF signaling cascade in atrial primordium development and siphon/gill slit formation Inhibition of MEK and the Fgf receptor block development of atrial primordia at tadpole stages, showing that FGF signaling is required during induction or specification phases of the atrial primordia. We believe that the source of signal for primordium induction is likely to be FGF from the mesenchyme underlying the future atrial primordia, where localized Fgf8/17/18 expression is observed. Exposure of whole embryos to FGF does not result in expanded or ectopic primordia; this may indicate a requirement for localized signal in the mesenchyme or, likewise, a restricted competence in the overlying trunk ectoderm to respond to the inducing signal. Fgf expression in the ascidian mesenchyme would be homologous to Fgf in the periotic mesenchyme of vertebrates, which occupies the same position relative to the future otic placodes as Fgf8/17/18 does to the atrial primordia. In vertebrates, this domain of Fgf is required for proper otic placode induction and removal of this domain results in a loss of otic placodes, while expansion results in ectopic placodes (Ladher et al., 2005; Leger and Brand, 2002; Liu et al., 2003; Maroon et al., 2002; Phillips et al., 2001) . Takuoka et al. report that, in morpholino knockdowns of the transcription factor Twist-like 1, mesenchyme fails to form; the resulting animals do not form gill slits, but they do form atrial siphons indicating that atrial siphon primordia formation likely occurred unimpeded, even in the absence of mesenchyme (Tokuoka et al., 2005) . These experiments did not directly examine Fgf expression and did not assess the presence/absence of mesenchyme until hatched larval stages but, nonetheless, suggest the possibility that the Fgf signal may not originate solely from the mesenchyme.
MEK and Fgfr inhibitors also disrupt siphon and gill slit formation when applied shortly after attachment, during the onset of metamorphosis. We conclude that the invagination of the atrial ectoderm leading to formation of the atrial siphon also requires FGF, from within the invaginating ectoderm itself (where Fgf8/17/18 message is detected) or from another source (e.g., from the neural gland, where Fgf is also expressed).
Larvae show no ability to regulate after treatment at early or at late stages. A larva which has undergone early inhibitor treatment, leading to loss of atrial primordia, followed by recovery in untreated seawater, will undergo metamorphosis but will not recover the primordium and will not develop siphon or gill slits. An animal which has undergone late treatment and then is allowed to recover in untreated seawater will likewise never develop normal siphon or gill slit structures.
The inhibitor-treated animals are apparently normal in other respects and show no gross anatomical defects. In early-treated animals the oral siphon primordia and palps form correctly, the sensory vesicle is present, rostral trunk epidermal neurons are present and the notochord and tail appear normal. Likewise, late-treated animals show normal morphology after metamorphosis with no aberrations in visceral rotation of gut, esophagus, heart, endostyle or neural gland. These observations and previous reports suggest that much of the FGFdependent patterning may have already taken place by the stage at which the inhibitor is added (Delaune et al., 2005; Furthauer et al., 2004; Kim and Nishida, 2001; Streit et al., 2000; Wilson et al., 2000) . Nevertheless, U0126 and SU5402 may have had more subtle phenotypic effects which we were unable to detect.
The laser ablation, by contrast, is restricted in its effect to the primordium itself and so the resulting lack of structures which make up the siphon is likely a direct effect of the loss of the primordium. As with the inhibitor-treated animals, laser ablated animals show no recovery of the primordium itself nor of the atrium or gill slits. The narrow coelomic space between the gill slits, however, is resistant to both pharmacological and laser ablation treatment and is likely to be patterned independently of the primordium, the siphon and gill slits.
Is gill slit formation within the endoderm induced by contact with atrial ectoderm?
The leading surface of the invaginating ectoderm comes into close apposition with the underlying endodermal epithelium of the pharynx. This interaction leads to the formation of the branchial plate and ultimately the branchial fissures that are the rudiments of the primary gill slits. A single gill slit consists of endodermally derived ciliary endodermal epithelium bordering the branchial pore (Hirano and Nishida, 2000) . The ciliated pore, the gill slit proper, is the perforation between two layers of epithelia, the branchial epithelium on the inner side toward the pharyngeal cavity and the peribranchial epithelium facing outwards towards the base of the atrium. The precise endodermal/ectodermal boundaries within the atrium/branchial complex remain uncertain, however. Much of the atrium, that portion of the ectodermal invagination which forms a channel or tube and is connected to the pharyngeal basket through the gill slits is likely to be ectodermal, at least after the early stages of siphon formation. But opinion in the current literature is divided about where the ectodermal component ends and the endodermal component begins. In the colonial Botryllus, observations show that the inner chamber of the atrium contains tunic, which is only secreted by the epidermis (Manni et al., 2002) . Scanning and transmission electron microscopies of Botryllus at stages when siphon and gill slit formations are taking place show that the peribranchial epithelium is made up of the most deeply invaginated portion of atrial ectoderm which makes contact with the endodermal branchial epithelium, thereby forming the branchial plate and fissures marking the site of gill slit formation (Manni et al., 2002) . In Botryllus, the ectoderm/endoderm boundary is precisely at the gill slits themselves with the outer portion ectoderm and the inner endoderm.
In the ascidian Halocynthia, however, lineage tracing experiments following endoderm show that endodermal derivatives are found not only in the branchial side towards the inner pharyngeal cavity, but also extend to the peribranchial side towards the atrium (Hirano and Nishida, 2000) .
Additionally, there is a contribution to the gill slit epithelium from the A7.6-derived mesenchyme cells in Halocynthia; the same lineage contributes to the gill slit epithelium of Ciona (Tokuoka et al., 2005) . Although the morphogenesis of atrial siphon and gill slit formation have not been described extensively in Halocynthia, the lineage tracing suggests that the atrial ectoderm must fuse with the endoderm within the atrium. However, the branchial fissures between peribranchial and branchial epithelia, which mark the primary gill slits, are endodermal derivatives.
Our results indicate that the invaginating atrial ectoderm is required for proper pharyngeal endoderm perforation and gill slit formation, whatever the precise lineage contributions are to siphon and gill structures in Ciona. Moreover, the temporal priority of the atrial primordium -its appearance long before any overt sign of gill slits, the close association of atrial placode invagination with gill slit formation and the inability to regulate in the absence of the atrial primordia, even in those animals in which the endoderm lineages and their derivatives are normalsuggests that the atrial ectoderm could play an inductive or instructive role in gill slit formation.
Homology of atrial primordia and otic placodes
The homology assignment of the ascidian atrial primordium to the vertebrate otic placode rests primarily on similarity of position, topology, morphogenesis and combinatorial gene expression patterns. To this we can add a similar signaling requirement during induction of the placode as well as in postinduction differentiation and morphogenesis. The phylogenetic proximity of tunicates and vertebrates drives the assumption that similar characters are similar by virtue common descent, whether tunicates are sister to a vertebrate/cephalochordate clade, as has been depicted in many phylogenies (Cameron et al., 2000; Glenner et al., 2004; Winchell et al., 2002) , or the sister taxon to the vertebrates, a view which has gained recent support (Blair and Hedges, 2005; Delsuc et al., 2006; Oda et al., 2002; Philippe et al., 2005; Vienne and Pontarotti, 2006) . The expression of Fgf8/17/18 in the mesenchyme underlying the future site of the atrial primordium shows that this region may be homologous to the periotic mesenchyme of vertebrates. We speculate that the action of the pharmacological inhibitors on atrial primordium development is through inhibition of FGF signaling from this periplacodal mesenchyme. Minimally, this would indicate that the last common ancestor of vertebrates and tunicates had paired placodes positioned at the anteriorposterior level of the hindbrain or its equivalent and that these placodes required FGF signaling from the periplacodal mesenchyme. Subsequent morphogenetic movements, invagination and vesicle formation also depended on the FGF pathway.
While the similarity in Fgf expression in the periplacodal region and the requirement for FGF during placode formation is likely to be homologous, it is more difficult to homologize the requirement for FGF post-placode formation. In vertebrates, FGF signaling from the hindbrain is important for inner ear formation (Kil et al., 2005; Wright and Mansour, 2003) ; FGF from the neural keel and cranial mesoderm of zebrafish is required during formation of the pharyngeal pouches (Crump et al., 2004) . The adult ascidian body plan is specialized for sessile filter feeding and does not have obvious or direct correlates to each part of the vertebrate anatomy. A report citing expression of Phox2, however, posits that the post-metamorphic brain of Ciona corresponds to the vertebrate hindbrain (Dufour et al., 2006) . Post-metamorphosis, Fgf8/17/18 is expressed at the atrial opening and in the neural gland. We have not yet determined the source of signal required during atrium formation and gill slit morphogenesis/pharyngeal perforation but speculate that, although these processes retain a requirement for FGF, the radical anatomical rearrangements of ascidian metamorphosis may have led to a heterotopic change in the signal. So, while signal from the neural gland may be most closely homologous to FGF from the hindbrain or cephalic mesoderm of vertebrates, FGF at the atrial primordium itself may also have taken on a role in atrium and gill slit morphogenesis. Selective removal of the neural gland might help to test this. Nevertheless, the use of FGF during induction and post-invagination morphogenesis of atrial primordia and otic placodes argues for an early origin, before the last common ancestor of tunicates and vertebrates, of this signaling pathway in the development of this placode. The presence of gill slits in a deuterostome group outside of the chordates, the hemichordates -the sister group to the echinoderms -argues for a possible shared origin of gill slits nearer the base of the deuterostomes (Rychel et al., 2006) . Although neurogenic placodes or similar structures have not been described for hemichordates such as the acorn worm Saccoglossus kowalevskii, we suggest that experiments testing the dependence of hemichordate gill slit development on FGF could be informative regarding the evolution of these structures within the deuterostome lineage.
